In high-throughput ultrasonication enhanced hollow-fiber liquidphase microextraction (H-U-HF-LPME), ultrasonication was introduced into HF-LPME to enhance the mass transfer rate of the analytes in the two immiscible liquid phases, which resulted in a very short time for extraction equilibrium and a high-throughput analysis. Several parameters were investigated and optimized (such as extraction solvent, temperature of sample, frequency and intensity of ultrasonication, volume of extractant, extraction time, ionic strength of the sample and sample concentration). Based on the results of this study, nicotine was first extracted from a 1.5 mL sample solution under the optimum conditions (ultrasonic power of 50 W with a frequency of 60 kHz, extraction time of 10 min, sodium chloride concentration of 5 mol/L and temperature of 378 8 8 8 8C). Next, 0.5 mL of acceptor solution inside the hollow fiber was automatically injected into a gas chromatograph with a flame ionization detector. The results of this study illustrated that the limit of detection, relative standard deviation (n 5 6), relative recovery and enrichment factor of nicotine were 0.06 mg/L, 3%, 99.8% and 16.6, respectively. Finally, H-U-HF-LPME was successfully applied for the determination of nicotine in plasma.
Introduction
It is widely known that smoking is harmful to health, and can result in the appearance of several diseases such as tuberculosis, chronic lung disease, heart disease and even cancer (1) . Unfortunately, smokers are always addicted to cigarettes as a result of the effect of nicotine, which is an alkaloid in tobacco and an addictive drug (2) . Consequently, the concentration of nicotine in plasma is used to evaluate a smoker's intake. Thus, the methods to determinate nicotine in plasma have been reported in many studies, including gas chromatography (GC) with different detectors (3), GC combined with mass spectrometry (MS) (4) (5) (6) (7) (8) , high-performance liquid chromatography (HPLC) (9, 10) , or LC-MS (11, 12) . The half-life of nicotine in plasma is approximately 2 h (13), and the concentration of nicotine in plasma is too low to be detected easily. Therefore, it is necessary to develop an effective method of preconcentration prior to quantification.
Generally, liquid -liquid extraction (LLE) is one of the most effective and popular methods for sample preparation. In the analytical field, two methods, including drop in drop extraction created by Liu and Dasgupta in 1996 (14) and a different kind of liquid-phase microextraction (LPME) initiated by Jeannot et al. (15) and He and Lee (16) , have many advantages including small solvent consumption and short extraction time, but relatively instable operation. Thus, hollow-fiber (HF) LPME was proposed to solve the limitations of LPME. In the HF-LPME system, a hollow fiber is used to avoid the mixture of donor and acceptor phases. The pore structure of the hollow fiber in the HF-LPME system has a favorable mass flux. With the advantages that it is sensitive, simple, inexpensive and virtually solvent-free, HF-LPME has been applied for extraction technology in a variety of biological fields (17) (18) (19) . Furthermore, the shake-flask method or electromagnetic stirring method have usually been used in HF-LPME to accelerate the transfer of analytes, which generally takes more than 30 min to reach extraction equilibrium (20 -22) . Recently, it was reported that ultrasonication was used in ultrasound-assisted dispersive liquid -liquid microextraction (23) (24) (25) to accelerate the mass transfer rate of analytes in an extraction system. The extraction solvent in this process was separated from the aqueous phase by centrifugation. Although the extraction time in this technology was shortened to 10 min (23), the whole operation process was still relatively complicated and had many equipment requirements. At the same time, ultrasonication was introduced into the system (ultrasonication enhanced hollow-fiber liquid-phase microextraction: U-HF-LPME) to accelerate the diffusion mass transfer process in both phases and to reduce the thickness of the liquid film between the organic and aqueous phases. Consequently, higher extraction efficiency was achieved, and only 10 min was used for the whole process of extraction. Recently, U-HF-LPME was applied to determine trace compounds from a 50 mL sample in different matrices (26, 27) . However, 50 mL of sample volume is relatively large for some analyses. Furthermore, the mass transfer rate of multiple systems can be simultaneously enhanced by ultrasonication agitation. Thus, it is helpful to utilize ultrasonication agitation to enhance the mass transfer rate of multiple systems, which hugely increases the efficiency of determination.
The objectives of this work include: developing a highthroughput ultrasonication enhanced hollow-fiber liquid-phase microextraction (H-U-HF-LPME) method and applying this method for the determination of nicotine in plasma. Many parameters of H-U-HF-LPME were investigated by using a simulated sample, including extraction solvent, sample temperature, ultrasonication frequency and power, extractant volume, extraction time, ionic strength of the sample and sample concentration. At least three samples of nicotine in plasma were accurately, quickly and simultaneously extracted under the optimum conditions.
Experimental
Chemicals and sample preparation Chromatographic grade n-octanol was purchased from Kemi'ou Reagent Co. (Tianjin, China). Analytical grade toluene, carbon tetrachloride, n-hexane, n-heptane, acetone and sodium chloride (NaCl) were purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Nicotine ( purity: 98%), which was maintained at 48C, was obtained from Xi'an Runze Biotechnology Co. (Xi'an, China).
The procedure of sample preparation was as follows. First, 1.0 g/L of a stock standard solution of nicotine was prepared by adding proper nicotine into deionized water. The stock standard solution was stored in a refrigerator (48C) until the start of the experiment. Working solutions were prepared daily by dissolving the required amount of the stock solution into deionized water.
Instrumentation
For the U-HF-LPME procedure, ultrasonication radiation washers (DL-360E and DL-400A) were provided from Shanghai Zhixin Co. (Shanghai, China). Autosampler glass vials (1.5 mL) for GC and a TG16G desktop high-speed centrifugal machine were purchased from Hangzhou AllLabWare Scientific Co. (Hangzhou, China). A gas bath thermostatic oscillator, Model ZD-85, was purchased from Yuhua Instrument Co. (Gongyi, China). Analyses were performed by using an Agilent 7890A GC-flame ionization detector (FID) equipped with an Agilent 7683B autosampler (Agilent Technologies, Palo Alto, CA) and the temperature of the injector and detector was 2508C. A 30 m SE-54 fused-silica capillary column (5% phenyl and 95% methylpolysiloxane, 30 m Â 0.20 mm i.d. and 0.25 mm film thickness; Lanzhou Atech Technology Co., Gansu, China) was used for the identification and quantification of nicotine, and the temperature of the column was 1208C.
H-U-HF-LPME Procedure
The H-U-HF-LPME device is shown in Figure 1 and its procedure included the following steps: (i) hollow fibers were cut into 3 cm segments ( Figure 1D ) and treated ultrasonically with methanol for 2 min at least three times to remove toluene from the membrane; (ii) funnel-shaped connectors ( Figure 1A ) were connected to 3 cm fiber segments; (iii) 1.5 mL working solution was placed into an autosampler glass vial ( Figure 1B) ; (iv) the fiber segment was sealed by mechanical pressure after a certain amount of organic solvent was injected into the funnel-shaped connector by a microsyringe; (v) multiple microextraction units were installed and placed onto the ultrasonication probe for simultaneous extraction; (vi) after extraction, microextraction units were transferred to the autosampler and 0.5 mL of acceptor solution inside the hollow fiber was automatically injected into the GC-FID, one by one, for future analysis.
Results
To study the matrix effect on the extraction efficiency of H-U-HF-LPME, the optimized procedure was examined with real plasma samples. Plasma samples were collected from three volunteers with a smoking history of 30 years. A cigarette was taken by each volunteer before hemospasia (6 mL). The blood was immediately centrifuged at 10,000 rpm for 10 min. Plasma samples were obtained and transferred to glass bottles. The three different plasma samples were Nicotine 1, Nicotine 2 and Nicotine 3. For extraction, 4.5 mL of one plasma sample was placed in three clear glass vials. Next, the three clear autosampler glass vials with same plasma sample were simultaneously extracted under the optimal conditions. After extraction, the autosampler glass vials were placed into the autosampler for analysis by GC -FID, and the chromatograms are shown in Figure 2 .
In this study, the relative average deviation (RAD, n ¼ 3) was below 1.5%. Plasma sample concentrations of nicotine were 16, 23 and 18 mg/L. These values agree with the values reported in literature by different methods (28) . These results indicate that there is no significant matrix effect on H-U-HF-LPME in this study. Also, the extracted plasma sample should not be purged before extraction.
Discussion
In this study, several parameters were investigated, including extraction solvent, sample temperature, ultrasonication frequency and power, extractant volume, extraction time, ionic strength of the sample and sample concentration. Finally, the real plasma sample was treated with H-U-HF-LPME under the optimal conditions. This method can process 24 microextractions within a certain time. However, the autosampler of the GC can only process six at the same time. Therefore, the number of samples should vary according to the capacity of the instrument.
Extraction solvent selection
A suitable extraction solvent must meet three requirements: affinity for the target analyte, low volatility and immiscibility with water. In this work, n-octanol, toluene, carbon tetrachloride, n-hexane, n-heptane were carefully examined as extraction solvents. In these experiments, five microextraction units were simultaneously prepared and investigated under the same conditions except for extraction solution. After the extraction process, the lengths of organic solvents in the HF were determined by a ruler. The residues of solvents were calculated because the diameters of the HFs are the same. The residues of the five different organic solvents are shown in Supplementary  Table I . The results of the experiments illustrated that toluene, carbon tetrachloride, n-hexane and n-heptane were unsuitable for the experiments due to their high relative volatility. Furthermore, n-octanol matched the previously mentioned requirements and the property of n-octanol is similar to the lipid membranes of living systems. Thus, the findings in this work can expose the real concentration level of nicotine in the body. Therefore, n-octanol was selected as the extraction solvent for future experiments.
Effect of sample temperature It was found from the experiments that the temperature of the nicotine sample has an obvious influence on the extraction efficiency. Therefore, the enrichment factors (EFs; EF ¼ C enriched / C initial , where C enriched and C initial stand for the enriched concentration and the initial concentration, respectively) of different temperatures in the range of 15-408C were evaluated under the optimum conditions. The results (seven experimental points) illustrated that nicotine has a high EF under a high sample temperature. An EF-temperature curve was drawn, and the regression equation was EF ¼ 0.1793t þ 10.4692, where t stands for temperature [coefficient of determination (r 2 ) ¼ 0.9995; the detailed plot is shown in Supplementary Figure 1] , which indicated that the EF was a function of temperature. The EFs at different temperatures can be obtained by linear interpolation from this equation. To obtain the real concentration of nicotine in plasma, 378C was selected as the extraction temperature in the following extraction experiments.
Effect of pH values
Nicotine has a pyrolidine moiety with a pKa of 7.84 and a pyridine moiety with a pKa of 3.04. The amount of ionized nicotine, which has a significant effect on the extraction efficiency in plasma, is a strong function of pH. Therefore, experiments were processed by using pH as a variable, and the results are shown in Figure 3 . The experimental results showed that the highest preconcentration efficiency is at pH 7.84, which is not much higher than that of 7.4. Thus, pH 7.4, which is the pH of human blood, was selected as the operational pH in the following experiments.
Effect of ultrasonication frequency and power
The ultrasonication frequency and power play an important role on the efficiency of H-U-HF-LPME. Thus, the ultrasonication power settings were evaluated at 15, 27, 39, 50 and 60 W by using ultrasonication frequencies of 25, 40 and 60 kHz. The experimental results (Table I ) demonstrated that the extraction Figure 2 . Chromatogram of a plasma sample after microextraction (2-methylquinoline used as internal standard). High-Throughput Determination of Nicotine in Plasma by Ultrasonication Enhanced Hollow Fiber Liquid-Phase Microextraction Prior to Gas Chromatography 555 equilibrium time was the shortest when the ultrasonication power of 50 W and frequency of 60 kHz were employed. The whole extraction process was efficiently conducted within 10 min under the previously mentioned conditions. Consequently, the ultrasonication power of 50 W and frequency of 60 kHz were used in the following extraction experiments.
Effect of extraction time
Theoretically, H-U-HF-LPME takes a certain period of time to reach the equilibrium of mass transfer because liquid-phase extraction is essentially the equilibrium process of the liquid phase. Therefore, the mass transfer rate of the target analyte in the two immiscible phases is the decisive influence on extraction time. In addition, the mass transfer of the liquid film diffusion in HF-LPME also has an important effect on the extraction time. The stirring method used in HF-LPME accelerates the diffusion mass transfer of the liquid film and diffusion mass transfer of target analytes in the aqueous phase. However, there is no obvious effect on the diffusion mass transfer of the target analyte in the extraction solvent phase. In H-U-HF-LPME, ultrasonication radiation was introduced into the HF-LPME system to enhance the mass transfer rate of the microextraction. The process of ultrasonication radiation can produce mechanical vibration and ultrasonication cavitation, so the diffusion mass transfer process between the two immiscible phases can obviously be accelerated at the same time in H-U-HF-LPME. Furthermore, the thickness of the liquid film between n-octanol and the aqueous phase can fall sharply, which results in lower mass transfer resistance and higher extraction efficiency. Therefore, the extraction time of H-U-HF-LPME should theoretically be much shorter than that of HF-LPME. The advantage of H-U-HF-LPME was also confirmed by investigation into the extraction times of H-U-HF-LPME and HF-LPME (Figure 4) . It is clearly indicated that H-U-HF-LPME obtained the same enrichment efficiency of nicotine in 10 min as that of HF-LPME in 30 min. An extraction time of 10 min was also selected for subsequent work.
Extraction solvent volume
To investigate the effect of extraction solvent volume on the preconcentration efficiency, a variety of volumes of extractant were evaluated in the range from 10 to 50 mL. In these experiments, the concentration of aqueous nicotine was 20 mg/L. Five microextraction units were prepared and simultaneously extracted at the ultrasonication power of 50 W and frequency of 60 kHz for 10 min. After extraction, the five microextraction units were transferred into autosampler for analysis by GC. The results ( Figure 5 ) showed that the EFs were almost the same value, because the octanol phase was saturated by nicotine in the range of 10 to 30 mL. Figure 5 also illustrates that the volume of extractant has little influence on the extraction efficiency in the range of 10 to 30 mL. To minimize the determination error, the volume of operation extractant should also be set in this range. Therefore, for the sake of reducing the solvent, 20 mL was used in this study, because a further volume reduction would increase the difficulty of sampling and affect the experimental reproducibility.
Effect of salt
The effect of salting-out on extraction was uncertain. There are three kinds of effects: promotive effect (29), no effect (30) and inhibitory effect (31, 32) . To determine the effect of ionic strength on the extraction efficiency, various concentrations of NaCl in the range of 0 -6 mol/L were investigated by using the same aqueous samples under the same conditions (378C, 60 kHz and 50 W) for 10 min. The results (Figure 6 ) demonstrate that the EF increased with the increasing salt concentration in the aqueous sample. This confirmed that the salting-out effect on extraction is positive in the extraction system. However, NaCl was not completely dissolved in the aqueous solution at concentrations over 5 mol/L NaCl. Consequently, 5 mol/L of NaCl was added to the aqueous solution in the real sample extractions.
Sample concentration
The impact of sample concentration on extraction efficiency was also studied. The experiment was performed by using spiked water samples containing 10, 20, 50, 100, 500, 5,000 and 1,0000 mg/L nicotine. With different concentrations of sample solution, five microextraction units were extracted under the same extraction conditions for 10 min at the same time. The results (Table II) showed that the EF began to decrease gradually once the sample concentration was higher than 5,000 mg/L. The reasonable explanation is that nicotine already achieved solubility in n-octanol within 10 min. Hence, U-HF-LPME is suitable for the determination of trace organic compounds in samples.
Method evaluation
To evaluate the viability of H-U-HF-LMPE for the determination of nicotine in aqueous samples, a standard curve was drawn and the regression equation was y ¼ 0.1287x þ 0.2067 (where y stands for the ratio of peak area/1,0000 and x stands for the concentration with the unit of mg/L; r 2 ¼ 0.9998. The relative figure is shown in Supplementary Figure 2) . Several parameters, including EF, limit of detection (LOD), relative standard deviation (RSD, n ¼ 6) and relative recovery (RR), were investigated under the most appropriate conditions. In this work, the LOD of nicotine was 0.06 mg/L based on a signal-to-noise ratio of 3. Under the optimal conditions, the EF for nicotine was 16.6. Also, under the concentration of 20 mg/L, the RSD was 3% and the RR (the amount of spiked standard solution was 15 mL at the concentration of 2,000 mg/L) was 98.7%.
Conclusions
H-U-HF-LPME, a high-throughput preconcentration method, was used to determine nicotine in plasma. Ultrasonication radiation was combined with HF-LPME to create H-U-HF-LPME, which has a high mass-transfer rate of the target analyte between the two immiscible phases. To evaluate the efficiency of H-U-HF-LPME, several parameters were examined and optimized, including extraction solvent, sample temperature, ultrasonication frequency and power, extractant volume, extraction time, ionic strength of the sample and sample concentration. Under the optimum conditions, LOD, RSD (n ¼ 6), RR and EF were 0.06 mg/L, 3%, 99.8% and 16.6, respectively. Thus, U-HF-LPME was successfully applied for the determination of nicotine in plasma. The findings in this study indicated that H-U-HF-LPME provided a high throughput method with short extraction time, small sample solution and partial automation, compared to other LPME. H-U-HF-LPME will be a promising tool for sample preconcentration for analyses of pharmaceuticals, biological samples, food and the environment. 
